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PARENTIBUS OPTIMIS

nThis being of mine, whatever it be, consists
of a little flesh, a little breath, and the
part which governs.”

Marcus Aurelius, Meditations
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Introduction
The aim of this research has been to select and study
a method for the evaluation of total cardiopulmonary func¬
tion in children and adolescents which would be reliable,
technically simple, and easily reproducible.

These stipu¬

lations necessitate a minimum number of measurements and a
painless and unexhausting experience for the subject.
The method chosen has been described by Wasserman (1)
and uses exercise to assess the circulatory and pulmonary
function of supplying oxygen to the working muscles.

The

status of the heart and lungs as a unit will be reflected
by their ability to perform this function.

The subject

exercises on a bicycle ergometer at gradually increasing
work loads.

Percentages of CO^ and

in the expired air

are analyzed breath-by-breath and are used to calculate the
respiratory quotient.

The point on the work scale at which

the R.Q. rises significantly is taken to represent the
’’threshold of anaerobic metabolism” (1), the point at which
the cardiopulmonary system can no longer keep pace with oxy¬
gen demand.

This "threshold” appears at a submaximal load

and thus avoids the problems associated with pushing the
subject to maximal performance.

The method is not designed

to discriminate among different disease processes or states
but rather to determine over-all function regardless of the
presence or absence of disease.
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It has been our purpose to use this method to estab¬
lish ranges of cardiopulmonary efficiency for normal
children of various ages, sizes, and habits, then tc com¬
pare these with those of patients with cardiac or pulmon¬
ary disease.
First, we will consider the process of selecting a
method which fits the criteria established.

The theory of

the method and its application will be discussed.

Finally,

we will compare our results with those of previous exercise
studies in children, then assess the possibilities of the
method under study.
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Section I - Physiological Responses to Exercise
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During exercise, various components of cardiopulmon¬
ary function undergo changes.

These include changes in

circulatory mechanisms, ventilation, body temperature
regulation, and metabolism.

Some of these functions are

more accurate indicators of physical working capacity and
can be measured more easily than others.

The search for

the ideal method of assessing cardiopulmonary capacity in
children requires that one carefully evaluate these as¬
pects of the physiology of exercise in order to determine
the most suitable measurements.

We will review exercise

under these four general headings and discuss the relative
merits of the possible measurements.
Changes in Circulation
V/ith exercise, changes occur in various circulatory
functions which may be measured to give an idea of how much
the circulation is taxed by a particular work load.

Cardiac

output and blood pressure increase, heart rate rises, and
electrocardiographic changes are observed.
The increased metabolic needs of the muscles engaged
in exercise are met by an increased oxygen uptake, which de¬
pends upon increases in cardiac output and tissue oxygen
removal.

The Pick equation defines the relationship of oxyw

*>*

gen uptake (Vq ) to cardiac output (Q) and arteriovenous
2
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- 4 oxygen difference (equal to tissue oxygen removal) as:
Vn = Q X (A-V 02 difference)
°2
Thus oxygen uptake increases as do the two factors upon
which it depends (3)*

It has been shown by Asmussen and

Nielsen (2) that oxygen uptake and cardiac output are al¬
most rectilinearly related.

Therefore, since the result¬

ant increase in blood flow is shunted mostly to the large
muscle groups, and since 02 uptake is a good indicator of
aerobic working capacity (see next section on Metabolism),
cardiac output increase is thought to be directly related
to working capacity.

Methods for determining cardiac out¬

put (e.g. the direct Fick method and the indicator dilution
technique), however, are difficult and therefore impractical
as tests where speed and simplicity are important.
Since cardiac output is the product of stroke volume
and heart rate, one of these two determinants might provide
the index needed.
separate entity.

The stroke volume may be measured as a
Some investigators report no change or

only slight changes in stroke volume in light exercise.

The

central venous volume is higher supine than standing (3).
So, if the resting value for stroke volume is determined ly¬
ing down, the changes with upright exercise are small.

But

if the resting value is obtained with the subject sitting or
standing, there is a significant increase even at low work
loads (4)*

•

(LiMJMM nt:-v>:o ©v

noqy

U at Isupo) sone'ia'mfc ^T*o

toJob! awl o r ot sr, aeEBO'isnx
;

.

tie^yxo <;/riT
• Iffc ~ '

i'l

'

-

'

W '

'

■

. on boold al oQBtioal Ins
ei MA^qu gO © on is bflfi tsqir. t

•’ '■'->■'■•

ac ilOds vixen
f

> ^ , «*[

riso

j

>•

...I*;•/.«>'ci, - r ©SBS'soai luqlifo oslb*XA9

S’o'919?. J br a iLvoiYlib ois ,'isvev/ori , (suplnriosl
e»iB YlioXXqnila Uib br

•..:»

ni

'

i

:n

•?"

[ov »• *"»J •;•• Sii‘‘

.t, tf-r e \ Jto^icrp'ovn ? dmot
vx*-

r 'l l! r f «: .v:ov .-v -

• f) 3nit u$3t
■

-to, -

iBfi

v '

. *
*. . is'>h
,

ii.

©nJquf

:driC\

•
i‘Y#

ir't

O
*>'*/

J

bns

.beh&efs x&bnt aiCi
.vliln© ©tB-xjsqse
Irf^tXa ylno

i^flgM or smujjXov suonsv Is’td'rtso

**

9

- rt>

sHil ii

fl-BV -jinj fm ©ill li

«oB

d?iv «a* riArfs w4.* ,mwfc s?si
»Jdo

i..s'o]

* t/I, v ?.*C teei ©rfl *5:1

rrr're. c si «*ie>nl ,j.fiibnal*

.{4) eJbfioI

- 5 Chapman et al.

(5) found that the stroke volume in¬

creased with increasing exercise levels but concluded
that the relationship is probably not linear.

In their

opinion from one-third to one-half the rise in cardiac
output from resting level (7.2 L/Kin.) to near the maxi¬
mum oxygen intake level (21.9 L/Min.) is attributable to
increase in stroke volume.
O

According to Astrand (6), the maximum stroke volume
is reached at a work load corresponding to an oxygen up¬
take of 40 percent of maximum and to a heart rate of about
110.

He found that in females the stroke volume increased

on the average from 68 ml. to 100 ml.

(rest to maximum

value) and in males from S3 ml. to 134 ml., an increase of
about 50 percent.

Maximum stroke volume conceivably could

be used as an indicator of aerobic capacity, were its meas¬
urement not so difficult.
Heart rate correlates better than stroke volume with
working capacity and has been used extensively in testing.
Heart rate rises when exercise begins and reaches a steady
value in a few minutes if the ’work load is maintained (3).
There is a rectilinear relationship between oxygen uptake
and pulse rate up to maximal 0^ uptake (7).

Since physical

training increases 0^ uptake for any particular pulse rate,
this rate will be lower for a given work load in the athlete
than in the non-athlete {8).
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Rushraer and Smith (9) found that, while the most re¬
liable measurements of cardiorespiratory function during
exercise are cardiac output and oxygen consumption, there
is a high correlation between pulse rate and 02 consump¬
tion.

They considered a pulse rate of 170 to represent

about SO percent of maximal 0^ consumption.
Sjostrand (10) and Astrand (11,12) found that pulse
rate increased rectilinearly with work load as measured on
a bicycle ergometer.

They showed that when the load was

increased, a new steady state could be reached in three to
five minutes,

Sjostrand (10) defined "working capacity"

as that amount of work necessary to increase the heart rate
to 170,

Several studies have been done in children, taking

the work load achieved at a rate of 170 to represent work¬
ing capacity, including those of Bengt3son (13), Gumming
(14), and Adams,

(15,16).

While a near maximal pulse rate is a good measurement
of cardiopulmonary capacity, one essential criterion of the
ideal method is that the test be a submaximal one,

A maxi¬

mal effort may be dangerous for a child with cardiac or
pulmonary disease.

Also, it is difficult for even a normal

child to achieve a maximal effort, as an element of will is
involved.

Since the relation between pulse rate and working

capacity is apparently linear, it seems logical that extra¬
polation from a submaximal pulse rate to 1?0 would yield
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- 7 the true working capacity.

According to Friesen et al.

(63), however, this extrapolation yields a falsely high
estimate of the working capacity.
Systolic, diastolic, and mean arterial blood pressures rise with exercise, reaching after several minutes
steady levels which are higher with more strenuous work
and higher at a given intensity in an untrained subject
than in a trained one.

The lower pressures in a trained

individual are most likely due to decreased peripheral
resistance (3).
There are also electrocardiographic changes in exer¬
cise.

Normal changes as studied by Bellet et al. (lo) in¬

clude sinus tachycardia, increased amplitude of the P wave,
junctional 3-T segment depression, and diminished (6B%) or
increased {11%) amplitude of the T wave at a pulse rate of
about 140.

Changes in the electrocardiogram and the blood

pressure are thus very rough indices of work intensity.
Changes in Ventilation
Greater oxygen requirements and accumulation of meta¬
bolic products in exercise necessitate an increase in pul¬
monary ventilation.

This ventilatory response seems to be

the result of a combination of influences, some neurogenic
(central response and peripheral mechancreceptors), some
humoral (changes in CO^, H+, 02 and catecholamines).

But

the importance of each factor is not known at the present
time (3).
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There is an increase in both respiratory depth and
frequency with exercise.
mainly in depth;
comes heavier.

In light work the change is

respiratory rate rises as exercise be¬
Tidal volumes may approach 50 percent of

the vital capacity;

respiratory frequency may increase to

as much as 40 to 50 breaths per minute in adults (from a
resting frequency of about 20) and to ?0 in children (3,19).
It has been shown that hyperpnea in exercise closely
parallels the rise in 0^ uptake up to a certain point (3).
Asraussen (17) found that, as arterial lactic acid concen¬
tration rises above resting level, ventilation starts to
increase more rapidly than oxygen uptake.

Thus changes in

ventilation may give some idea of the aerobic capacity.
On the other hand, there are factors which limit the
reliability of the parameters of ventilation as measure¬
ments of the working capacity.

First, maximum respiratory

frequency varies from person to person and cannot really be
standardized.

Also, if the exercise is rhythmic and the se¬

quence of movements regular (especially in the case of riding
a bicycle), the subject may tend to breathe in time with the
movements, and respiration
rate set by oxygen need (3).

may be faster or slower than the
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- 9 Changes in Body Temperature
Body heat, at rest, is created by the combustion of
breakdown products of foodstuffs by the cells.

Carbo¬

hydrates, fats and proteins are metabolized to produce
energy for work, and some of the energy released is con¬
verted to heat.

Body temperature reflects a balance of

heat production and heat dissipation;

heat loss is mainly

through the skin (3) •
Body temperature rises significantly in muscular exer¬
cise.

Of the energy produced in exercise above the basal

metabolic production, about 75 percent is converted to heat
and only 25 percent to work.

At the same time the blood

flow to the skin is reduced since more of the cardiac output
is diverted to the muscles.
body.

Thus, heat accumulates in the

The amount of rise in temperature depends on the work

intensity and the conditions in the ambient air (excessive
heat and humidity reduce heat loss).

The rise is slow and

levels off after 30 to 60 minutes of work;

the temperature

remains elevated for 45 to 60 minutes after cessation of
work (3).
Since temperature rises in rectilinear fashion with
work intensity, it is possible that higher temperatures may
correlate with higher working capacity.

It is known that

heat speeds up molecular movement, causing a swifter exchange
of metabolites;

also, heat increases tissue oxygen supply
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by shifting the oxygen dissociation curve of hemoglobin
©

to the right (3)«

Astrand (20) showed, by determining

maximum working capacity, that performance in activities
such as bicycling, running, and swimming is improved in
proportion to increase in body temperature.

Unfortunately,

temperature rise is slow enough that it cannot be an accur¬
ate indicator in a test of short duration.
Changes in Metabolism
During exercise the muscles require energy for con¬
traction and the performance of work.

This energy is sup¬

plied by the oxidative degradation of carbohydrate, fat,
and protein.

The oxygen requirement for these biochemical

processes (above the basal metabolic requirement) is thus
a measure of work performed (3).
There is a small amount of oxygen stored in the body
which may be used to perform work of short duration.

This

oxygen is stored in red cells in combination with hemoglobin
©

and in muscle combined with myoglobin (3)*

Astrand (20) re¬

ported that a great amount of work can be don© with a submaximal load on the circulation and respiration by alterna¬
ting short work periods with short rest periods (with a 1:1
time ratio).

As a possible explanation he offered this stor¬

age of oxygen In myoglobin and hemoglobin;

he suggested that

myoglobin may function as an oxygen store for the initial
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phase of work before the circulation and respiration can
meet the increased oxygen demand.
Since these blood and tissue stores amount to only
about one liter of oxygen, for longer exercise periods,
oxygen intake must parallel work output.

Therefore, ex¬

cept for short periods, and for periods when work load is
being increased, alveolar oxygen uptake is an accurate
index of oxygen used for energy production.
The length of time necessary for cardiorespiratory
adaptation to increased oxygen need depends upon the in¬
tensity of the exercise.

In very strenuous exercise oxy¬

gen uptake may not reach a steady state for 5 to 10 minutes.
Maximal 0^ uptake depends upon age, sex, body surface
area, and physical fitness.

Training can increase the oxy¬

gen uptake significantly, largely by increasing the 0^
transporting capacity of the cardiopulmonary system.

Con¬

ditioning may also influence the capacity of muscle tissue
o

for extracting oxygen from the blood (3).

Astrand (21) de¬

fines maximal oxygen intake as "aerobic capacity" and sug¬
gests that in work with large groups of muscles the limiting
factor is the capacity and regulation of the oxygen trans©

portation system.

Astrand (22) also writes:

"The measure¬

ment of maximal oxygen uptake of a subject in muscular ex¬
ercise gives the maximal rate of energy output by combustion
within the body.

If we assume that cardiac output increases

linearly with oxygen uptake, then maximal oxygen uptake indi¬
cates the function of the heart and circulation".

vio sriJ atoled X-.CM to Oifiriq
fit'J'i XO OS'
u ) o5 jn
•

.

nr fc*«xojE

g

.on

’t/ee/5 fcflfi b >o!cf oaoitx fc’jfti--.

%:’.^nc

-i ’*i tn^Y-<0 "tCr

ci *#q
t, j

n •

sflc

- >:-i•>*.-' ' lift* .r>q 3turn s£&$stl -msY*0

,

..j

;5*"-

: aa ,&boxnaq 5*iOi.te U

9>'a5‘/l m?yxo iBioevI* 'baee&io&s gniod
. toxJoL'bo'iq xS'1Qft9 'io’ tsejj ao^Y*-0

u*x

!

i.

ac to”"! v'r i#890*ff ?

r

^ ^^ai:

Icfrinsx =.-nT

',sg.., ni-^r .o r ■■c:\.t'ioni 03 noxdsdqabfi

.. -

■

•
^t

y

{

-

>-j0 rr

»< ..Lae :9;

'

^jfedqu .-.•/ JjMiixflri
'

:

r

.v:

-

f i cn^Jt* s^sdqu fias
■

fl(u

•

1*1

nr

•} 'd* *d£

••

c i7

**-■■’• .•;.

1 et ■

u nti

vj v ‘

o * * "r

no^ Iw^e*:

f

? j-.xd .t
•. ;d"

'

;

, • kg 9>iiidni at-TYxo Ixxnlxsm eonXI

. «j;
-ze

-

yi! no-vxo gnXdcxrxtx© lot

♦rf* ealoiam *lo aquorq ague! rfdxv jliow ni 5b
k i - t

:

c*.:.?r u > eri-t ooaeijlx^t. o Is yam gnxnoidXb
•I

- .j&

■

v*

.-

>r. •

( •. ■
to
.o • m i

desg

ir ydios (B3 ©dd sJt nodOBl

r .

-

.:. *• Yf: .toldBCfioa

\u itegyxo lBn»ixa« T.o 5n®ffl
Ur r.bki fc.-1.'3 sevijg eeJtois

yloi odd nlridiw
-Itni «rf*3qu n®>Yxo iMaixmm n®d5 , oMsdqu nogy*0 ridbw
. noli ilnonlo brw

5 lo noidontrt

9fid

eocteo

12
Chapman et al.

(23) stressed the contribution of

local tissue factors in increasing the maximal oxygen in¬
take.

In fifteen normal subjects they found that the 0^

intake was increased 9.5 times at maximal intake over the
resting value.

Cardiac output was increased 4.3 times,

pulse and stroke volume 2 times.

Rise in cardiac output

permitted 0^ intake to increase from 340 ml. to 1500 ml.
Widening of the arteriovenous oxygen difference 2.2 times,
however, permitted an increase to 3 liters (mixed venous
oxygen content fell from 11.6 ml./lOO ml. to 5.0 ml./lOO
ml.);

this was attributed to increased tissue 0^ extrac¬

tion and to the shunting of blood away from inactive areas.
The investigators in this area agree with Taylor et al.
(24) who found that, when a large proportion of the body
muscle mass is engaged in work, there is a straight-line re¬
lation between 02 uptake and work load up to maximal 0^ up¬
take, and that consequently the maximal 0^ intake is a good
objective measurement of cardiorespiratory performance.
Unfortunately, there are two aspects to this measure¬
ment which make it unsuitable for the purposes stated.

In

the first place, the methods for measuring 0^ uptake during
exercise are somewhat complicated;
into a mask or mouthpiece;

the subject breathes

expired air is collected in

Douglas bags and then analyzed with gas analyzers of the
Haldane or Scholander type.

More importantly, this test re¬

quires a maximum effort, which may be dangerous for persons
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- 13 with significant disease, and which calls for high moti¬
vation from all subjects.
Study of other metabolic phenomena, however, has
shown the way to the development of an important method
for assessing cardiopulmonary function at submaximal exer¬
cise levels.

In strenuous muscular exercise, the most im¬

portant pathway of substrate oxidation for energy produc¬
tion is the Embden-Meyerhof glycolytic pathway, which in¬
volves the breakdown of glycogen or glucose to pyruvate and
lactate.

This pathway provides substrate for further oxi¬

dation in the Krebs cycle and provides a supply of energy
under conditions in which oxygen supply is low (e.g. in
very strenuous muscular exercise).

When 0^ tension is nor¬

mal and when the energy demand is basal or moderate, the
largest part of the pyruvic acid formed in glycolysis is
oxidized to acetyl-CoA which enters the citric acid cycle.
When oxygen tension is low or oxygen demand very high, more
pyruvate is produced than can be transformed by oxidation,
and this excess pyruvate forms lactic acid (25).
This reaction leading to production of lactic acid
balances the oxidation-reduction system.

Because of this

situation, glycolysis can continue to provide energy for
work in the form of ”high-energy” phosphate bonds even when
oxygen supply cannot meet demand.

During hypoxia, glycoly¬

sis produces either two or three ,fhigh-energy” bonds;
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- 14 cose oxidation by glycolysis and the Krebs cycle will
yield 36 bonds when oxygen supply is normal (25).
When oxygen supply fails to meet demand, an "oxygendebt" is contracted.

The amount of the oxygen debt is

equal to the oxygen uptake, during recovery from exercise,
which is in excess of the resting value (3).

There has

been some dispute concerning the identity of the creditors
for the debt.

According to Huckabee (26), oxygen debt

formation represents a need for oxygen during exercise
which is satisfied only during recovery and is approximated
by the amount of ’?excess lactate" formed (this quantity in¬
dicates amount of lactate formed during anaerobic metabolism
in excess of the amount of pyruvate obtained from the pyru¬
vate III lactate reaction).

Knuttgen (27) also attributes

the oxygen debt completely to excess lactate which he finds
appears at all levels of exercise.
Other workers (2$) have found that an oxygen debt of up
to 1.5 to 2.0 liters of 0£ may exist v/ithout appreciable in¬
crease in lactate.

Margaria (29) feels that early in exer¬

cise there is an anaerobic process which is "alactacid”, and
that later all the energy liberated is accounted for by com¬
bustion processes plus lactate formation from glycogen (con¬
traction of the "lactacid" 0

debt).

The "alaetacid" debt

is thought to be paid to the energy sources which are im¬
portant at the beginning of exercise before cardiorespiratory
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- 15 adaptation is complete,

(e.g

high-energy phosphate bonds),

and to the oxygen sources oxyhemoglobin and oxymyoglobin
(3).
Dill (30) found the CL consumption curve during re¬
covery to be the sum of four functions:
sumption,

1) basal 0^ con¬

2) 0

lactic acid,

consumption attributed to the oxidation of
2
3) payment of the alactacid debt (this taking

place 30 times as fast as the 2nd function), and 4) a very
slow component (because of this last, 0^ consumption may re¬
main 10 to 20 percent above basal levels after several hours).
The consensus is that in fairly strenuous exercise, when
muscle metabolic processes become partly anaerobic, lactic
acid is produced and diffuses into the blood.

Below a cer¬

tain work load, lactate concentration remains close to the
resting value.

At the point when oxygen supply fails below

demand, lactate concentration rises precipitously (3)*
Wells et al.

(31) classified work levels in adults ac¬

cording to the amount of lactic acid accumulation.

In their

study, light work occurs at a pulse rate of 120 or less and
involves no lactate rise above the resting level.

Heavy work

implies a pulse rate of 120 to 160 and an increase in lactate
of 20 to 40 mg. percent.

In severe exercise the pulse rate

exceeds 160 and lactate rise may approach 100 mg. percent.
The point at which lactate began to exceed resting levels
was thought by Wells (31) to correspond to a level of per-
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formance which was about 50 percent of the working capac¬
ity.
Because of the relatively high dissociation constant
of lactic acid, it is virtually all ionized in the physio¬
logic pH range.

Thus, after diffusing into the blood, lac¬

tic acid is completely buffered (32).

According to Turrell

and Robinson (33), increased lactic acid up to 4 mBq/L is
buffered mainly by sodium bicarbonate with the formation of
sodium lactate, H20 and C02;

above this level plasma pro¬

teins and hemoglobin begin to account for more of the needed
base.
Harrison and Pilcher (34) first discovered that pa¬
tients in heart failure produced more carbon dioxide than
normal subjects doing the same exercise.

This increased the

respiratory exchange ratio R (defined as CO^ production/O^
consumption).

They concluded that the excess CO^ was formed

as bicarbonate buffered lactic acid.

Although Harrison and

Pilcher detected no significant increases in R in normals at
the low loads which they studied, metabolic acidosis does
develop in normal subjects at higher loads and R rises (32)
(see Fig. 1).
Issekutz (35) first used the respiratory exchange ratio
(equal to the metabolic respiratory quotient in the steady
state) as an index of anaerobic metabolism.

He found that

the rise in R seemed to depend on intensity of work and
that, in heavy work, R was always greater than 1.0 and often
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- 17 reached 1.2 or more.
0.75 x 0

He found that excess CO

(total CO 2
2
consumption, where 0.75 is an assumed resting

R.Q.) rose initially, fell, then rose again.
correlated with blood lactate changes.

These changes

Ke explained the

initial increase in R as due to discrepancy between oxygen
supply and demand.

The second rise in R was taken to repre¬

sent the percent participation of anaerobic glycolysis
rather than the fuel used for work.

Issekutz concluded that

since lactic acid concentration is higher in working muscle
than in blood, and since diffusion of stbicarbcnate C0^n is
presumably more rapid than that of lactate, excess C0^ may
follow anaerobic metabolism more clcsely than blood lactate
level.
Naimark, Wasserman, and Mcllroy employed these con¬
cepts to develop a simple method of evaluating cardiopulmon¬
ary function by continuous measurement of R.

In their first

paper (36) they found, with increasing work intensity, the
development of metabolic acidosis (simultaneous rise in lac¬
tic acid and R, and fall in pH and bicarbonate)(Fig. 2).
They used rapidly responding nitrogen and carbon dioxide
analyzers to measure breath-by-breath R with increasing work
loads (R can be calculated from alveolar

and CO^ by an

equation derived from the alveolar gas equations;
sis of data under Material and Methods).

see analy¬

They affirmed that

the rise in R was not due to hyperventilation, as alveolar
and arterial pCO^ did not decrease.

They also determined
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that the load corresponding to the increase in R was con¬
stant for a given individual, depending mainly on physical
fitness and type of exercise.
In the second study, Naimark et al.

(37) again found

close correlation between the rise in lactic acid and R
and the fall in pH and bicarbonate.

They obtained a curve,

by plotting A R vs. 0^ consumption, which was roughly sig¬
moid (see Fig. 6), consisting of an initial slow rise, a
steep rise, and a further slow rise.
Wasserman and Mcllroy (1) used this method to evaluate
cardiopulmonary status in cardiac patients.

By plotting R

vs. 0^ consumption, they obtained sigmoid curves similar to
those of Naimark et al.

(37) and to those of Issekutz (33).

Wasserman and Mcllroy (36) postulated that the steepest part
of the curve indicated the level of oxygen consumption at
which anaerobic metabolism becomes important, and termed it
the "threshold of anaerobic metabolism".
Wasserman et al.

(39) tested ten subjects at three dif¬

ferent work levels on a bicycle ergometer and found that be¬
low the work level representing the anaerobic threshold the
subjects could exercise for long periods (50 min. in this
case) in a steady state without developing a metabolic aci¬
dosis .
Wasserman et al.

(40) further defined the anaerobic

threshold as a specific load below which, in a normal sub¬
ject, there exists a cardiorespiratory reserve.

They found
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- 19 no metabolic acidosis or increase in arterial blood lac¬
tate until the energy requirement reached four times the
basal level.

Thus the anaerobic threshold during exercise

reflects the oxidative balance of the subject as a whole.
Specific muscle groups may produce lactic acid at "sub¬
threshold” loads, but this will be compensated by other
tissues.
From all indications the method elaborated by Issekutz
and developed by Naimark, Wasserman, and Mcllroy represents
possibly an ideal way to evaluate carefully the cardio¬
respiratory function.

The procedure is relatively simple,

involves no trauma {e»g. drawing blood), and need not be
carried to the point of exhaustion.
One further question concerns which specific exercise
test to use.

The step test designed by Master (41) has

been long used, especially to detect coronary artery insuf¬
ficiency.

In exercise with this test it is difficult to

make measurements;

also, only one level of work can be per¬

formed, and extrapolation to a maximal level is not possible.
The treadmill has been widely used in testing exercise
fitness and has certain advantages.

Only the ability to

walk is required, and numerous gradations of exercise can
be achieved.

Disadvantages of the treadmill are its balki¬

ness and expense (42).
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-

The bicycle ergometer fits the criteria suggested by
Rodahl (43) for an optimal measurement of physical fitness.
First, large muscle groups are used.

Taylor et al. (24)

found that maximal oxygen intake increases with the amount
of muscle mass employed.

Later Asmussen and H ©minings en

(44) reported, in normals, a greater aerobic capacity in leg
work than in arm work.

Duner (45) found that working capac¬

ity with one leg was 73 to $0 percent of that using both
G

legs.

Also, according to Astrand (64), aerobic capacity and

maximal heart rate are not different in maximal running and
cycling from cranking plus cycling or from those measurements
in very strenuous activities, such as skiing and swimming.
Other criteria (43) met by the bicycle (42) are that the
work load be measurable and adjustable, and that results be
comparable for a given individual under different conditions
and between individuals.

The adjustable seat allows constant

mechanical efficiency for both trained and untrained subjects
(43).

Also Rodahl (43) showed that, at a given load, a steady

state is reached between the third and fifth minute of work
for pulmonary ventilation, oxygen uptake and pulse rate.
The bicycle requires only a minimum of skill and is very fam¬
iliar to most healthy children.
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Section II - Material and Methods
Population
Studies were done on 95 subjects aged 6 to 20 years 65 normals and 30 children with significant disease, in¬
cluding 62 males and 33 females, #4 whites and 11 Negroes.
Normals were drawn from the General Pediatric Clinic of
the Yale-New Haven Hospital (these were well children who
were in the clinic for a routine physical checkup or were
relatives or friends accompanying sick children), from
among the laboratory technician and secretary population,
and from the local community.

Patients were taken from the

General Pediatric Clinic and from the Pediatric Cardiac
Clinic.

All participants were questioned closely about

their past medical history in order to determine the pres¬
ence or absence of disease.

Documented pa3t history was re¬

viewed when available.
Procedure
First, an information sheet was filled out for each
subject.

This included name, age, birthdate, address, height,

weight, chest measurement, and past history of illnesses and
hospitalizations.

Also important was a detailed statement of

present habits, including daily exercise and competitive team
sports both in school and in the home or coirmunity, intensity
and frequency of bicycling, and smoking, television watching,
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and sleeping habits.

With this information we attempted

to assess the person's physical fitness in order to test
the correlation between physical activity and actual work¬
ing capacity.

Also we tried to differentiate factors which

may contribute to optimal conditioning from those which

de¬

crease fitness.
Resting pulse rate and oral temperature were taken and
recorded.

Then the child was seated on the bicycle.

For

ideal mechanical advantage, the seat was adjusted so that
the leg is in a position of nearly full extension when the
pedal is at the lowest part of its excursion.

Room tempera¬

ture was kept at 70”F.
With the subject's mouth closed, expired air was sampled
from either nostril by two plastic catheters which are con¬
nected to electronic devices for measuring percentages of
nitrogen and carbon dioxide.

Outputs from these two analy¬

zers are fed into preamplifiers on a Sanborn direct-writing
recorder.

After calibration of the analyzers with standard¬

ized gases, a resting tracing was obtained of percent C02 and
N2 and of respiratory rate.
The first workload was set for the bicycle and the rider
was instructed to begin pedalling slowly and to bring the
tachometer needle up gradually to between 60 and 70 r.p.m.
and to keep the speed within this range.

The workload was

kept constant until a steady state was reached.
required from two to five minutes.

This usually

The steady state values
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- 23 for N^» CO^, respiratory rate and heart rate were recorded
for one minute.

The pulse rate was taken by radial palpa¬

tion, by auscultation, or by electrocardiogram.

Then the

workload was increased and the process repeated until the
anaerobic threshold was reached;

this can be observed on

the recording by the fall of the end-tidal nitrogen value
below the inspired air baseline.

After the subject stopped

pedalling, oral temperature ’was again taken, as was the
pulse rate after two minutes and five minutes of rest.
Two schedules of workload increase were used.

In the

first, the subject exercises at three different work levels
at 100 kgm/min intervals for five to six minutes each.

This

schedule may be used to make certain a steady state has been
reached, as well as to get a rough estimate of the anaerobic
threshold.

In the second, the subject pedals at six or seven

different levels, which are 50 kgm/min apart, for two minutes
each.

This schedule is used to ascertain more precisely the

anaerobic threshold.
Materials
Equipment for this study included the bicycle ergometer,
analyzers with vacuum pumps for carbon dioxide and nitrogen,
the Sanborn four-channel recorder, tanks of analyzed gas for
precise calibration of the gas analyzers, and two high-gain
DC preamplifiers for the Sanborn to receive outputs from the
analyzers.
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- 24 The CO

analyzer is a Beckman/Spinco Model LB-1 Medi-

cal Gas Analyzer designed especially for physiological test¬
ing.

The analyzer consists of two main units, a pickup and

an amplifier, with a cable connecting them.
(Fig. 3) detects the percent CO

The pickup unit

from the expired air sample

and gives off to the amplifier an electrical signal which
is proportional to concentration.

The amplifier then trans¬

forms this signal into a needle deflection on a meter and
into an output which is fed into the recorder (46).

The

property of carbon dioxide of absorbing infrared radiation
in proportion to concentration offers the fastest and sim¬
plest way of measuring the CO^ concentration of alveolar
air (46);

this is used as the operating principle of the

device.
After the gas sample reaches the sample cell, time re¬
quired for CO2 meter deflection to 90 percent of full scale
is 0,1 sec.

(46).

The swift response time makes possible

the immediate evaluation of each breath.
The CO^ analyzer is calibrated with two pressurized
tanks of previously analyzed dry gas which contain 4 percent
and 7 percent G0^ respectively, with a balance of nitrogen.
The gas is delivered into a 25 inch plastic catheter which
is connected to the pickup unit.
An expanded scale is used in order to appraise more ac¬
curately the percentages of CO^ in the subject’s expired air.
The analyzer is accurate to 0.1 percent CO
tration between 1 percent and 10 percent.

at any concen-
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For analysis of percent alveolar nitrogen a Nitralyzer Model 300 AH made by Ked-Science Electronics was used.
The pickup unit in which the gas sample is analyzed is
connected to a vacuum pump which draws the gas through the
system.

A needle valve sampling mechanism lets the gas

into an ionization chamber (16 ml/min).

The ionized gas

emits light which is then filtered so that the only region
of the spectrum which passes the filter is that in the
range of the intense nitrogen bands.

A photocell detects

the filtered light and sends a signal to the amplifier unit.
This amplified signal then indicates percent nitrogen in
the sample on a meter.

The amplifier also sends an output

to the Sanborn (47).
The operating pressure within the ionization chamber
determines the shape of the calibration curve and the sen¬
sitivity of the Nitralyzer.

When the pressure is low,

small

fluctuations in pressure may cause significant errors.

The

recommended pressure of 0.6 mm.Hg is low enough so that the
calibration curve is fairly linear, but high enough so that
small fluctuations have little effect.

If the ionization

current is kept between 0*5 mm.Hg and 0,$ mm.Hg, it has
essentially no effect on the calibration curve

(47)*

The Nitralyzer is calibrated for each experiment with
pressurized, previously analyzed gas tanks of $0.7 percent
nitrogen with balance C02 (5$) and 0

(14.3$), and of 7$.5

percent nitrogen with balance CO^ (5.2$) and 0^ (16.3$).
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The calibration curve of the Nitralyzer was made with dry
gases and is not correct for wet gases.

Therefore, since

the expired air to be measured is saturated with water, it
is necessary to saturate the known mixtures before reading
their values for the curve.

This is done by bubbling the

gases through a water trap system and then into the sam¬
pling catheter.
Water vapor also has an effect on the concentration
of nitrogen in room air.

It is found that saturating air

with water causes an appreciable decrease in the nitrogen
percentage.

A subjects baseline for percent inspired ni¬

trogen on the Sanborn conforms closely to the line obtained
from sampling saturated room air.

So, in order to get the

value of air for the calibration curve, it is necessary to
bubble compressed room air through the water trap.
An expanded scale of 10 percent of the full range is
also used for nitrogen analysis.

This particular range en¬

ables the analyzer to measure very sensitively small dif¬
ferences between a known gas and an unknown gas (47).

Thus

minute changes in alveolar nitrogen concentration can be mon¬
itored with great accuracy.
The Lode bicycle ergometer used in this study was de¬
signed by Lanooy to obviate some of the difficulties en¬
countered with earlier ergometer models.

All these had the

disadvantage that changes in pedal r.p.ra. caused changes in
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- 27 loading, thus making it necessary for the rider to keep
the r.p.m. constant (4$).
A fundamental principle of the Lode ergometer is that
the energy converted to heat (the product of distance per
unit time and the braking power) remains constant in spite
of changes in r.p.m.

This principle involves a copper disk

turning in an electromagnetic field.

Where work done is A,

force (in kg.) applied to the braking magnet is P, distance
from the disk center to the point of application of braking
force is r, and disk r.p.m. is nf
A * P.2

(n/60) kg-m./sec.

If A is not to vary with r.p.m., either P or r, or Pr must
vary inversely with n.

It was found that, within a certain

range of speed, P will decrease hyperbolically when n in¬
creases, thus making the value for Pn constant (4$)•
By using a particular transmission ratio between pedals
and disk the critical disk r.p.m. will be exceeded in spite
of very low pedal r.p.m.

(47).

For physiological reasons the designers supply a tacho¬
meter and urge indicating a speed to the subject.

It is

their opinion that tempo may influence such factors as mech¬
anical efficiency (47).

In this study, following the ex¬

ample of Adams (15,16), examining (14), and Bengtsson (13),
we encouraged the subject to keep the pedal r.p.m. between
60 arid 70.
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Another feature of this instrument is that the amount
of electrical energy desired can be continuously regulated
by a single knob (48).

This energy is read on a Watt scale

and can be translated into kilogram meters per minute, a
widely used work unit (1 Watt " 0.1019716 k^a/sec.).
The recorder used is a Sanborn four-channel directwriting thermographic recorder, Model 964.

This recorder

used interchangeable plug-in preamplifiers to translate the
signals for gas analysis.

Outputs from the Hitralyzer and

the C02 analyzer are fed into Sanborn High Gain Preampli¬
fiers Model 350-2700.

Sensitivities and attenuations are

adjusted on these preamplifiers to afford wide distances on
the recording paper between the standardized high and low
gases;

this makes possible greater accuracy in determining

percent of gas in the expired air (49).
Determination of R
The equation used to determine respiratory quotient
from C02 and Ng concentrations is derived (Fig.
o

5)

from the

e

alveolar ventilation ratio (37)

w^ere ^C02 is

car^cn

Vo2
dioxide production in ml, per min. and

is the oxygen

u2
consumption in ml. per rain;
©

tlons (37) Vco
ume and FA

and from the alveolar gas equa-

©

<0

*»

where

is percent CC)
902

is alveolar minute vol-

in alveolar air, and
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©

- VA

0

'

. FT
Iq

. FAM - VA .Fa
AN2
A
Aq

where FT

l0

is percent

IN,
0

in inspired air, ?an /^IN

F.

is a correction factor, and

is percent 0. in alveolar air.

R may be estimated

°2
during exercise with a nomogram constructed from this equa¬
tion.
The recorder tracings (see Fig~fl) provide all the data
necessary for calculation of the respiratory quotient at
each exercise level.

Alveolar CO^ and

concentrations in

the steady state must be determined at each work level.

Per¬

cent of gas is indicated by millimeters of deflection on
the recorder paper.

Before exercise begins, deflection val¬

ues for the standardized gases are plotted against percent
gas on graph paper.

Semi-log paper lapsed for CO,, since

the analyzer meter is calibrated on'a logarithmic scale.
The Nitralyzer scale is linear.Points on the graph obtained
for higher and lower standard gas concentrations are con¬
nected by a straight line.

Percent end-tidal gas of a sub¬

ject is then determined by measuring amount of deflection
and reading percent gas on the standard line,

A reasonably

steady state must be reached for accurate appraisal of de¬
flection produced by a particular gas concentration.

End-

tidal concentration is represented by the last part of the
deflection before the stylus returns to the baseline.

End-
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- 30 tidal concentration is assumed to be the same as alveolar
concentration.
Since the R. equation was derived using a room air
nitrogen value of 79.1 percent, the value found for room
air by the Nitralyzer must be compared with this value on
the standard nitrogen graph.

This difference is then sub¬

tracted from each of the exercise end-tidal nitrogen con¬
centrations which will be used to calculate R.
Values of R for each exercise level are then plotted
against work load in kg-m/min. on linear graph paper
(Fig. 6).

The threshold of anaerobic metabolism (TAM) is

indicated as the work load at which R rises most signifi¬
cantly.

(We used TAM as an index of working capacity and

tested the correlation of this threshold with the variables
age, height, weight, body surface area, and physical fit¬
ness.

See Section 3).

TAM is usually found around a pulse

rate of 120, assuming a maximal rate of about 170-1$Q.

The

relationship between TAM and working capacity for various
weights is shown in Fig. 7.

The greater the weight, the

greater is the difference between TAM and working capacity,
using values for physical working capacity obtained by
Adams and Gumming (14,15*16).

Thus TAM increases with in¬

crease in weight, but not at the same rate as does working
capacity.
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- 31 Admissibility of Data
There are some serious difficulties in obtaining re¬
liable data with this method*

Irregular breathing and

hyperventilation are common problems which make it impos¬
sible to assess the real respiratory quotient.

These

irregularities can be observed on the tracings, and the
data from these tracings is rejected.

Criteria for ad¬

missibility of data thus include the attainment of a steady
state at each exercise level for at least one minute, a
regular breathing pattern, and the absence of hyperventila¬
tion at least in the sections of the tracing where the
measurements are made.
Of the tracings obtained with normal subjects 54.5$
were good tracings, 14♦$$ were good enough to estimate
closely the HQ values, 24-6$ were rejected because of hyper¬
ventilation, and 6.1$ were rejected because of irregular
breathing and failure to reach a steady state.
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- 32 Section III - Results and Discussion
Results of Previous Studies in Children
There have been very few exercise studies in children
done in the past, and these have involved, for the most
part, measurement of the physical working capacity — the
workload at which a pulse rate of 170 per minute is at¬
tained.
In 1956 Bengtsson (13) evaluated working capacity in
normal children on a bicycle ergometer and compared the
results with those for normal adults.

The children, aged

5 to 15, had very similar habits regarding games and sports.
Each exercise load lasted about six minutes, and a steady
state was assumed if heart rate at four and six minutes was
within eight beats and respirations within six breaths of
each other.

Usually three loads were used to raise the

heart rate to about 170 per minute.
Bengtsson found that working capacity -in boys was some¬
what higher than in girls, but the difference was not statis¬
tically significant.
difference.

He concluded that there was no real sex

The working capacity increased rectilinearly

with age in all the children.

Standard deviations from the

mean were large, however, mainly in the younger children.
The author attributes this to differences in physical condi¬
tioning.
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- 33 He found the most significant correlation to be with
body weight.

Working capacity has a higher coefficient

of correlation with weight than with body surface area.
Also, with the weight relation, the standard deviation is
less.

Children with similar working capacities were

grouped in weight ranges — 17-24 kg.
(7-9 yrs.}, 29-39 kg.

(5-6 yrs.), 25-2$ kg.

(10-12 yrs.), and 40-60 kg.

(13-14

yrs.)
In 1961 Adams et al.

(15) studied 243 normal California

school children aged six to 14-

As in Bengtsson’s study,

the subjects rode a bicycle ergometer at three different
work levels for six minutes at each load, reaching a pulse
of about 170 at the last load.

In boys the working capacity

correlated well with log weight (correlation coefficient
0.3l), log height (0.33)» log surface area (0.31), and age
(0.79).

In the girls the working capacity correlated well

with the same variables.

These authors found a distinct sex

difference (male working capacity greater than female) which
was present at the early ages and then became more pro¬
nounced with increasing age.
Adams, Bengtsson, et al.

(16) used the bicycle ergo¬

meter with two work loads to reach a pulse rate of 170 in
196 normal Swedish children aged 10 to 12,

They attempted

to evaluate the degree of physical fitness and used this as
a variable.

Working capacity increased with age, height,
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- 34 weight, and body surface area.

Height, weight and body

surface area had the highest correlations in the country
girls.

For the city girls and country and city boys the

best correlation was with heart volume.

There was also a

significant correlation of working capacity with physical
fitness.

The boys had greater working capacities than the

girls for the same body size, age, and heart volume.
Gumming and Gumming (14) used the same method to study
112 Canadian children aged six to 16.

For the boys working

capacity correlated very well with height (.$65), weight '
(.&97)} and surface area { 904)

Correlation coefficients

for the girls with the same variables were not so high.
The authors considered the number of subjects in the study
too small to permit evaluation of physical fitness as a
determinant of working capacity.

They speculate that per¬

haps those children who compete in athletics have innately
high working capacities.
Kramer et al.

(50) tested 24 girls and 77 boys with max¬

imal exercise on a combination bicycle-treadmill.

This

group included trained athletes, normals, and children with
various cardiac abnormalities.

Subjects who pursued competi¬

tive athletics were found to have greater maximal oxygen con¬
sumption and greater working capacity than others of the same
age, sex, and size-

There was significant overlap in working

capacity between normals and children with cardiac problems.
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- 35 Thus, the children with cardiac difficulties could not al¬
ways be differentiated from normals by this test,
Duffie and Adams (51) used graded submaximal exercise
on a bicycle ergometer to evaluate children with congenital
heart disease (including atrial and ventricular septal de¬
fects, aortic and pulmonic valve stenosis, aortic and mitral
valve insufficiency, tetralogy of Fallot,
the aorta, etc-).

coarctation of

The subjects pedalled at three levels,

then the pulse was extrapolated to 170.
before and after corrective surgery.

Many were tested

The results obtained

were compared with those for normal children.

The working

capacities of the majority of the children with obstructive
lesions fell around the 30th percentile for normal children
of the same surface areas, although there was considerable
spread.

Patients with left-to»right shunts performed as a

group in the 36th percentile, although the range was from
the 5th to the 95th.

The degree of impairment in this group

seemed to depend on the degree of pulmonary hypertension.
The mean for eleven cyanotic patients wa3 the 15th percentile.
Of 24 children who had corrective surgery, some fifteen
showed improvement ranging from five to 70 percentiles.

Nine

showed no change in working capacity or had lower ones rang¬
ing from five to $0 percentiles.

(Three of these had pulmon¬

ary hypertension and a fourth developed atrio-ventricular
block postoperatively).
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- 36 Naimark et al.

(37) studied 33 normal adults and ten

patients on the bicycle ergometer and found increases in
respiratory exchange ratio in the patients at lower work
levels than for the normals with little overlapping.
Wasserman and Mellroy (1) found numerous inconsistencies
comparing symptoms and catheterization data with anaerobic
thresholds in a bicycle study of 37 cardiac patients.
In summary, previous determinations in normal children
of physical working capacity (signified by attaining a
heart rate of 170} with the bicycle ergometer have shown sig¬
nificant correlations with age, height, weight, body surface
area, and physical fitness.

Children with severe cardiopul¬

monary disease fall below healthy children in working capac¬
ity, but significant overlapping is seen between normals and
those with less severe problems.

In adults studied by deter¬

mination of the anaerobic threshold the data comparing
healthy persons with persons with cardiac problems is con¬
flicting.
Results (see Figs. S through 12)
TAM for each individual was plotted against age, height,
weight, body surface area, and physical fitness.
lines were calculated for each relationship.

Regression

Then the sig¬

nificance of the correlation between TAM and each of these
measurements was evaluated by t-testing.

The graphs show
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- 37 obvious scatter for these relationships.

Nevertheless,

each correlation is found to be statistically significant.
The correlation between age and anaerobic threshold
(TAM) for 32 normals is given by the linear regression line
Y » 124.6 + 10.dX.
2.454.

The value of t for the 32 pairs is

Thus the correlation is significant at p<0.G5.

For body surface area and anaerobic threshold in 32
normals Y * 249-97 + 1.11X.

T is 5-740 and the correlation

is significant at p < 0.01.
For body weight and anaerobic threshold in 35 normals
Y * 115 + 2.3X.

T is 3-343 and the correlation is signifi¬

cant at p < 0,01.
For height and anaerobic threshold in 35 normals
Y ** 2-4X - 11$.

T is 2»$$4 and the correlation is signifi¬

cant at p < 0.01.
Thirty-eight normals were placed into one of three cate¬
gories as they were appraised by their exercise and living
habits to be relatively unfit, moderately fit or very fit.
The first two groups were combined, then anaerobic thres¬
holds of the two remaining groups were compared by t-testing
to determine whether or not there was a significant differ¬
ence in aerobic capacity between them.

The value for t is

3.709, and the difference is significant at p<0.001.
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- 3d Discussion of Results - Comparisons and Implications
Our results for normals are, for the most part, in
agreement with those of previous exercise studies in
children.

We also find a significant correlation between

threshold of anaerobic metabolism (analogous to physical
working capacity in other studies) and each of the factors
age, weight, height, and body surface area.

The most sig¬

nificant factor in increasing cardiopulmonary capacity is
found to be physical fitness.
As children grow their ability to do work increases
in general.

Allowing for normal variance and overlapping,

older children are taller and heavier than younger ones.
Age may bestow greater co-ordination on a child.

Increased

weight in proportion to height implies greater muscular
strength.

These variables are obviously important in deter¬

mining a child*s working capacity, especially due to the
vast changes in size which occur as children grow.
On the other hand, the data gathered in this study sug¬
gest that factors other than age and size may be as import¬
ant or even more so in strengthening cardiopulmonary function.
These other influences pertain less to the predetermined
genetic makeup of a child than to the flexible, individual
life patterns which he may develop.

Regardless of age or

size, the subjects who took part In athletics most vigorously
had the highest working capacities.

Typically, a dedicated
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- 39 eleven-year-old Little League baseball player who weighs

30 kg. will reach his anaerobic threshold after 100 kgm/min
more work than a sedentary 17-year-old who weighs 74 kg.
but smokes a package of cigarettes a day and takes only
sporadic exercise.
It is clear that the effects of systematic training
are profound.

These effects mainly involve increasing the
©

capacity for aerobic processes in the muscles.
al.

Astrand et

(52) showed that heart volume, stroke volume, and blood

volume are larger in trained athletes than in sedentary pec©

pie.

Astrand (53) compared championship skiers with normally

active persons and found an average maximal oxygen intake of
$0 ml/kg/min. for the skiers and 5$.6 ml/kg/min. for the
normals.

These two groups had similar values for vital ca¬

pacity, pulmonary ventilation, maximal heart rate and blood
o

lactate concentration.

Astrand concluded from this study

that a high aerobic capacity is an essential and distinguish¬
ing characteristic of persons with high endurance fitness.
Freedman et al.

(54) found a rise in maximal 0^ con¬

sumption in athletes, with increases both in cardiac output
and in arteriovenous oxygen difference.

They also showed

that training increases the maximum breathing capacity and
the pulmonary arterial systolic, diastolic, and mean pres¬
sures.

This pressure increase is thought to effect continued

high left ventricle output with decreased filling time.
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- LO Gandevia (55) thinks that well-trained individuals
may have a smaller ventilation requirement for a given
amount of exercise than "normal" persons.
al.

Milic-Emilie et

(56) demonstrated that at a given metabolic level the

oxygen cost of respiration is less in trained subjects
than in untrained ones.

Therefore, for any given level of

oxygen uptake, a trained person will have a larger percent¬
age of the total 0^ uptake available to muscles other than
the respiratory muscles.
Andrew et al.

(57) found that training produced no

change in stroke volume or oxygen consumption, a rise in
arteriovenous 0^ difference, and a fall in heart rate, car¬
diac output, and ventilation per minute for a given load.
They suggest that the circulatory consequences of training
may involve more effective redistribution of the blood vol¬
ume, with decreased cardiac output to the skin.

They also

speculate that in athletes an increased body core tempera¬
ture with resultant increased diffusion rates of gases and
metabolites may play a role in augmenting working capacity.
According to Asmussen (3), both exercise and inactivity
may vastly affect the aerobic capacity.

Regular training

can increase the aerobic capacity to as high as 50 percent
above the standards for normals of any particular age or
size.

On the other hand, the sedentary life can reduce this

capacity to less than 50 percent of the standard values for
normals.
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- 41 Some investigators argue that even disposition to
train and to compete in sports is inherited.

Shephard

(5$) thinks that an individual may tend to participate in
athletics because of a greater inherent capacity for mus¬
cular exercise.

There may be some substance to this view.

The evidence is nevertheless strong that by regular con¬
ditioning a person may significantly increase his aerobic
capacity, regardless of the nature of his genetic make-up.
The results of the cardiac patients in this series bear
out the heterogeneity in working capacity induced by the
various degrees of conditioning.

Harris et al.

(59) re¬

ported that in exercise patients with heart disease have a
smaller rise in cardiac output than normals, a greater fall
in the oxygen saturation of mixed venous blood, an excessive
increase in ventilation, and a higher oxygen debt and blood
lactic acid concentration.

Yet anaerobic thresholds for our

cardiac patients overlap consistently with those of the
normals.

We find that a child with a ventricular septal de¬

fect or aortic stenosis may do as well as or better than a
healthy individual of the same age or weight.

The patients

who lead active lives will often have relatively high anaer¬
obic thresholds, clinical and catheterization data notwith¬
standing.
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- 42 Assessment of the Method — Problems and Possibilities
During this study we have encountered some serious
problems in applying the chosen method.

Thirty percent of

the tracings have been entirely worthless as sources of
data and have had to be discarded.
In the first place we must remind ourselves of the
persistent difficulties of assessing true alveolar gas con¬
centrations even with a normal breathing pattern.

In the R

equation we assume that end-tidal gas concentrations equal
alveolar gas concentrations.

However, several factors have

been cited (60) as possibly causing a non-ideal system in
this respect.

These include:

1) non-uniform velocity grad¬

ients across a section of a conducting tube causing the
central portion of the stream to outstrip those nearer the
walls;

2) fore and back mixing due to acceleration and de¬

celeration eddies which occur in inspiration and expiration;
3) non-uniform velocity gradients due to expansions, con¬
tractions, and bends in the conducting tubes;

and 4) non-

simultaneous emptying of all parts of the ^mixer” into the
conduction system.
In addition, there are common instances of irregular
breathing patterns which reduce the reliability of the data.
The most persistent problem is that of hyperventilation,
causing a high rise in respiratory exchange ratio and making
it impossible to determine the presence or absence of meta¬
bolic acidosis.

This contrasts 3harpl.y with the earlier re-
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- 43 ports of Vasserman and Mcllroy (37*1) that hyperventila¬
tion presented no problem in their studies.
It is well known that anticipation of effort produces
certain psychic stimuli which prepare the body for exercise
Kueting (61) studied eight non-trained subjects in ergometric exercise and found in the last minute of rest before
work significant increases in heart rate, respiratory min¬
ute volume, and oxygen consumption.

It is likely that the

environment of tubes and electronic machines and the aware¬
ness of a test situation produce some physiological changes
such as these.
In order for respiratory exchange ratio to equal meta¬
bolic respiratory quotient, the CO

stores (about 120 L in

blood, soft tissues, and bone) must remain constant (3).
A 50-percent increase in ventilation over one hour will
eliminate 1.5 to 2.5 liters of CO^.

Respiratory exchange

ratio will rise immediately to about 1.1 and will remain
above 1.0 for at least ten minutes (62).

Hyperventilation

thus makes impossible the accurate determination of CO^ pro¬
duction.
In our experience a hyperventilation pattern at rest and
at light exercise will often disappear with a higher work
level.

This pattern is obvious on the tracing, and, should

it persist past the first level or so, the tracing is dis¬
carded.

Hyperventilation is denoted mainly by very low val¬

ues for percent nitrogen, so that R may be 1.2 or higher
even at rest.
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- 44 The second major problem in obtaining a good deter¬
mination of anaerobic threshold is irregular breathing.
This may take any one of several forms, including cyclical
hyperventilation and hypoventilation, grossly irregular
respiratory frequency, and irregular depth of breathing
with frequent sighing.
ment of a steady state.

These all tend to prevent attain¬
In some cases a second test re—

duces or obviates the irregular breathing so that reliable
data can be recorded.
It is possible that refinements may be made in this
method so that more of the tracings will be acceptable.

We

have had some success in correcting irregular respiration
and hyperventilation by distracting the subject’s attention
in various ways.

At this time, however, the method remains

limited in its usefulness because of the difficulty of
reaching a true steady state in many individuals.
We have seen that normal children of the same age and
si26 may have widely different anaerobic thresholds.

For

tills reason it is difficult to establish standards for dif¬
ferent ages and sizes.

The best course is perhaps to try to

obtain standard ranges of age groups (e.g. 2 or 3 years) and
weight ranges.
Asymptomatic cardiac patients may also vary widely in
anaerobic threshold and often have high aerobic capacity.
Therefore, in our opinion, this method of screening these
individuals will pick up only those with grossly low capaci-
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-

On the other hand, this method appears to be highly

useful for evaluating the functional significance of a
particular cardiopulmonary problem.

A child’s fitness to

participate in all of life’s activities can be assessed
fairly accurately by determining his total cardiopulmonary
function.
Also, the significance of a heart murmur or other prob¬
lem can be evaluated over a period of time.

If a child is

forbidden to be active because of suspicion of disease, his
aerobic capacity v/ill decline markedly.

If the problem is

of little significance, the aerobic capacity will rise stead¬
ily with prescribed exercise.

If, however, the problem is

more serious, the anaerobic threshold will rise less or not
at all.

Thus, ability to change markedly the working capaci¬

ty implies the cardiopulmonary flexibility inherent in a
normal person.

Inability to alter the anaerobic threshold

under the stimulus of training implies physiological rigidity
resulting from disease or congenital malformation.

These

changes with exercise will be easily discerned by testing on
the bicycle at suitable intervals.

Perhaps a training pro¬

gram using the bicycle itself might be devised.
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Summary
In this study we have sought to utilize a simple and
reliable method of evaluating total cardiopulmonary func¬
tion in children which could be used for cardiac patients
as well as for normals.

The physiology of exercise was re¬

viewed, and the specific metabolic basis for the chosen
method was considered.

This involves calculating respira¬

tory exchange ratio from analysis of percent end-tidal N
and CO^ in expired air.

The workload at which R rises sig¬

nificantly represents the anaerobic threshold and is at¬
tained at a submaximal workload.
Subjects exercised on a bicycle ergometer;

expired

air was analyzed by electronic gas analyzers and percent gas
registered on a Sanborn recorder.

Threshold of anaerobic

metabolism for each subject was calculated from the trac¬
ings, and this value plotted against age, height, weight,
body surface area, and physical fitness.

T-testing showed

significant correlations for these relationships in normals.
Physical fitness correlates well with TAM for any age or
weight.

TAM*s for cardiac patients were not significantly

below those for normals.
Frequent unphysiological breathing patterns limit the
usefulness of the method.

With it one can ferret out car¬

diac problems only if working capacity is very low (imply¬
ing significant disease).

This method is very useful for
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evaluating a particular childTs cardiorespiratory capacity,
whether impaired or not, and for following its evolution
over a period of time.
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CHANGES IN BICARBONATE AND RESPIRATORY QUOTIENT
WITH INCREASING WORK. FROM WASSERMAN (I)

(UEQ./L)

HCOf

In the pickup unit, beams from two infrared sources
pass through the sample cell and the reference cell before
entering the detection chamber (Fig. 3)*

The purpose of

the reference cell is to provide equal intensities of in¬
frared radiation to the two parts of the detection chamber
when there is no sample.
The detection chamber is divided by a movable dia¬
phragm into two compartments which contain equal and un¬
changing concentrations of the gas being analyzed.

Infra¬

red rays cause the gas molecules to vibrate more rapidly,
thus bringing about an increase in pressure.

When there is

no gas sample present, this pressure rise is equal on both
3ides of the diaphragm.

The concentration of gas in the de¬

tection chamber is less than one atmosphere.

Since the

pressure is relatively small, slight changes will be more
significant than ’with a high pressure (4-6) .
When the gas from outside reaches the sample cell, it
absorbs a part cf the infrared rays passing through the cell
This reduces the pressure in that side of the detection cham
ber by removing some of the radiation stimulus.

The dia¬

phragm bows out toward this side and thus alters the capaci¬
tance of the oscillator circuit.
pulse;

The result is a 60-cycle

average amplitude of the 60-cycle peaks indicates

C02 concentration.

The amplifier in turn rectifies, phase

demodulates, and rectifies this signal to produce the out¬
put (46) .

ozcn

orr-o

LUO LU

<boc

U.OO

z<co

—cc

SAMPLE CELL

Figure 3. PICTORIAL DIAGRAM OF LB-1 PICKUP UNIT

\

WORKLOAD(IN WATTS)

Figur® U. EXAMPLE OF SANBORN TRACING SHOWING RISE IN PER¬
CENT CO*. AND FALL IN PERCENT N^ WITH
INCREASING-
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